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Abstract 
The paper presents evidence of the complexity of describing carbon transport from submarine groundwater discharge and chemical 
reactions in the subterranean estuary. Vertical and horizontal profiles of total alkalinity (TA) and dissolved inorganic carbon (DIC) 
concentrations were analyzed in a cross-shore transect of a sandy beach and an evaluation of DIC and TA fluxes to coastal waters 
is proposed based on groundwater discharge velocities and beach hydrogeology. The study was conducted in the Magdalen Islands 
in the Gulf of St. Lawrence (QC, Canada) where an unconfined sandstone aquifer rapidly discharges to the coastal ocean with a 
rate of  ~3000 m3 d-1. Increases in DIC and TA observed along the discharge pathway exceed the expected conservative mixing 
between inland groundwaters and seawater. This local production is attributed to anaerobic respiration. Slow groundwater velocity 
(1 to 9 cm d-1), low oxygen conditions (~20%) and redox oscillations probably induced by tidal pumping present a suitable 
environment for bacterially-mediated carbon oxidation and anaerobic respiration. Depleted 13C-DIC (from 14‰ to 28‰) and 
the characteristic odour of H2S during sample collection support the idea that sulphate reduction may generate high alkalinity and 
DIC concentrations at the seepage face, leading to potentially high discharge to the coastal ocean at this beach (2.0 to 8.2 mol 
DIC/day and 1.9 to 7.9 mmol TA/day). To our knowledge, this study is the first attempt to estimate the transport and 
transformations of dissolved inorganic carbon by biogeochemical processes in the subterranean estuary of a northern sandy beach.  
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1. Introduction 
The land-ocean link is an important component of the global carbon cycle, which is still poorly constrained. 
Simplified depictions of the global carbon cycle have generally consisted of three boxes (ocean, land, and 
atmosphere) connected through neutral passive pipes. This paradigm defines the terrestrial carbon export as the 
passive transport of carbon from land to sea via surficial waters. However, submarine groundwater discharge (or 
SGD; defined as groundwater injected directly to the sea without entering surficial inland waters) may deliver 
substantial quantities of carbon to the ocean1,2. SGD occurs in many environments along the world’s continental 
margins3 usually as seeps at or below the water surface. These unseen inputs are a significant contributor to nearshore 
seawater chemistry and may locally enhance eutrophication and acidification in embayments and coastal waters4,5. 
Permeable sandy beaches are directly exposed to land and coastal driving forces that overlap to create a complex 
web of groundwater (or porewater) flow dynamics (ref. [6] for a complete review). Carbon dynamics in these coastal 
systems are still not well understood and the fluxes released are not yet integrated into global and regional 
biogeochemical budgets. However, decades of research have shown that permeable sediments, and particularly tidal 
sands, act as a very “active pipe” where important transformation and mineralization take place7-12. These 
transformations can directly modify the carbonate chemistry of groundwaters that transit to the sea, leading to 
changes in alkalinity, pCO2, and pH in overlying seawater13. While the role of coastal waters as a “sink” or a ”source” 
for inorganic carbon is not well defined, studying the transport and transformations of SGD-derived carbon through 
coastal permeable sediment is warranted. As unconfined groundwaters of sandy beaches represent a combination of 
meteoric groundwater and re-circulated seawater, the sources of carbon could be diverse and may also include 
limestone dissolution, sediment diagenesis and exchanges with the atmosphere. It is clear that all of these processes 
may have a great influence on dissolved inorganic carbon (DIC) and total alkalinity (TA) exported to the coastal 
water. Our understanding of the transport and transformation of carbon as it transits through sandy beaches suffers 
from a lack of data, particularly from northern regions. Biogeochemical dynamics in northern sandy beaches is 
largely unknown, while these regions are experiencing, and are expected to continue to experience, important climatic 
and hydroclimatic changes 14,15. 
In this study, we sampled the vertical and horizontal profile of groundwater discharging through a sandy beach in 
the Magdalen Islands (in the Gulf of St. Lawrence, QC, Canada) to provide a snapshot of TA and DIC concentrations 
and 13C-DIC in spring (May/June 2012 -2013) when the unconfined aquifer had been recharged after a few weeks of 
snow melt. Specifically, we aimed to determine the origin and fate of TA and DIC in the pre-discharge beach 
groundwaters and to evaluate the flux of DIC and TA to coastal waters based on groundwater discharge velocity. To 
our knowledge, this study represents the first attempt to understand the transport and transformation of dissolved 
inorganic carbon by biogeochemical processes in a subterranean estuary of a northern sandy beach. 
2. Material and Methods 
2.1. Site description 
The Magdalen Islands in the Gulf of St. Lawrence comprise a group of some 15 islands of which seven are joined 
as tombolos. The main islands have a core of volcanic rocks that are interbedded with Windsor-age sediments (Late 
Visean) and flanked by sandstones of Permo-Carboniferous age16. These geologic formations composed of fine sands 
(mean grain size ~100 μm) are excellent aquifers and the major source of freshwater in the archipelago. Most of the 
Holocene sediments originate from the last glacial maximum and were reworked by waves and currents during the 
marine transgression that accompanied deglaciation. The region is under a cold temperate climate and annually 
receives ~1200 mm of precipitation as snow and rain, of which 30% recharges the aquifer17. Groundwater flows from 
the central volcanic recharge zone into the ocean through the sandstone formation. The discharge zone is not well 
characterised but, in the absence of surficial streams, hydrological models assume that ~96% of the fresh groundwater 
volume seeps annually to the coastal ocean via submarine and surficial groundwater discharge leading to discharges 
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around 3000 m3 d-1 (the rest - ~4% - undergoes domestic consumption)18,19. Discharge from the sandstone aquifer 
probably occurs through the sandy beach, through a narrow discharge zone (~100 m) that is not yet well defined.  
 
2.2. Sample collection  
Water samples were collected at low tide in May/June 2012 and 2013. This period corresponds to mid spring 
when the water table is high and the unconfined aquifer was recently recharged by thawing snow pack. We installed a 
50 m transect of multi-level samplers and piezometers20 perpendicular to the shoreline (M1-9 and Pz1-3, respectively in 
Fig. 1). Pressure loggers (HOBO models) were inserted into piezometers to monitor the water level fluctuations over 
the sampling period. Multi-level samplers were designed to collect water at different depths from 10 to 230 cm below 
the beach surface (10, 30, 50, 80, 110, 150, 190, 230 cm). In 2012, we collected groundwater in M1 M2, M3 and M6 
(Figure 1). In 2013, we focused on the intertidal zone, where groundwater and re-circulated seawater discharge (M4 
to M9, figure 1). Groundwater was pumped with a peristaltic pump into an in-line flow cell where temperature, 
specific conductivity and dissolved oxygen saturation were monitored using a calibrated YSI-600QS multiparametric 
sonde. After these parameters stabilised, groundwater samples were taken using 60 ml plastic syringes and brought 
back to lab to measure pH and TA. Samples for 13C-DIC were collected at the same time by filling 250 ml glass 
bottles with no head space, preserved using 0.5 ml of saturated HgCl2, and stored at 4°C. The 13C-DIC was measured 
to identify the origin of DIC in groundwater samples. 
Inland groundwater end-member samples (IGW, Figure 1) were collected in a similar manner from individual 
wells located 50 to 100 m inshore of the multi-sampler transect. Seawater end-member samples (SW, figure 1) were 
collected ~50 cm above the sediment surface in the middle of the bay (~500 m offshore). 
Three piezometers were installed with pressure probes at 5, 15, and 45 m (Pz1 to Pz3, Figure 1) from the shoreline 
to monitor the water level over the sampling periods in order to determine the mean hydraulic head gradient and 
estimate the groundwater discharge velocities and fluxes to the coastal ocean. 
Sediment cores were collected in the beach face near the multi-level sampler M2 using standard vibracoring 
techniques with clean plastic 1 m-liners inserted into aluminum pipe. The cores were opened a few months later and 
the different sedimentary units were subsampled to better understand the transition between the sandstone aquifer and 
overlying sandy sediments (Figure 2).  
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Fig. 1. Map of Canada showing the location of the Magdalen Islands and the cross-shore transect of the studied beach. The beach morphology 
profile was determined using a DGPS (altitude 0 referred to low tide level), and piezometers (Pz1-3) and multi-level samplers (M1-9) were inserted 
into the beach perpendicular to the shoreline. We collected samples from 10 to 230 cm below the beach surface (black dots) as well as two 
potential end-members: inland groundwaters (IGW) and seawater in the adjacent bay (SW).  
 
2.3. Sample analyses  
Dried sediment samples from the three different sedimentary units were analysed by scanning electron 
microscopy (SEM) coupled to an energy dispersive x-ray spectrometer (EDS; INCA X-Stream, Oxford Scientific). 
The mean grain size and the relative composition of the sediment as detected by EDS are reported in Figure 2. 
Sample pH was determined immediately upon collection with an Orion ROSS glass electrode calibrated with NBS 
buffers and a seawater TRIS buffer according to ref. [21]. Total alkalinity (TA) was analysed on refrigerated, filtered 
(0.2 μm) samples by Gran titration. The analytical error was better than 0.2%. Dissolved inorganic carbon (DIC) was 
calculated from pH and TA at measured values of salinity and temperature with the R package AquaEnv22. Details on 
the methods are described in ref. [23]. The calculated DIC concentrations were used to estimate the flux of total DIC 
to coastal ocean. The 13C-DIC samples were analysed in the Université du Québec à Montreal (UQAM) in GEOTOP 
using a GC-IRMS (GV Instruments). Results are reported in the  notation relative to VPDB (1  ±0.1‰) in ‰. 
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Fig. 2. a) Images of the sediment cores we collected in June 2013. Numeric photography was obtained by using Multi Sensor Core Logger 
and a Geoscan IV linescan digital imaging system from Geotek at the Institut des Sciences de la Mer de Rimouski (ISMER/UQAR). The 
vibracoring technique used to obtain these sediments resulted in compaction of the sediment column. Compression factors were ~1.8 and 
the recovered length was 153 cm. Four different sedimentary units were observed (surficial sands, organic horizon, alterated sandstones 
and sandstones). The permeability (K) of the sands and sandstones has been reported in ref. [17]. b) SEM images of surficial sands (top), 
organic horizon (middle) and sandstone unit (bottom) and their respective EDS results. 
 
3. Results and discussions  
3.1. Beach hydrogeology  
The grain size of beach sediment was around 300 lm and sediments were mainly composed of silicate fragments 
(Figure 2). The underlying sandstone aquifer is composed of fine red-orange sands (~100 lm) composed of silicate 
and aluminosilicate with Fe coated silicate grains as revealed by EDS analyses (Figure 2, panels on the right). We 
note the presence of an organic-rich horizon at the top of the sandstone aquifer composed of terrestrial plant detritus. 
Forest soils inundated by salt water are commonly found on the coast of Atlantic Canada and the east coast of the 
United States, at the base of salt marshes and on the seaward side of barrier beaches that are being emerged by 
erosion and rising sea level24-26. The rapid rates of sea-level rise along the coasts of Atlantic Canada over the middle- 
to-late Holocene buried terrestrial systems that are now covered by tidal sediments as sedimentation kept pace with 
rising tide. The modern coastal system was formed on top of these paleosols under the influence of a decelerating sea 
level rise27-31.  
Two-dimensional profiles of groundwater beach chemistry are presented in Figure 3. In these profiles the sample 
depths are relative to mean sealevel (i.e. 0 m depth) and the contour lines were derived by linear spatial interpolation 
(kriging method) of the data. The interpolation model reproduced the empirical data set very well (95% confidence 
level). The 2D-specific conductivity and temperature profiles revealed the presence of fresh and cold groundwater 
(conductivity  < 5 mS cm-1; temperature < 10°C) in the bottom of the profile. The fresh groundwater tapered towards 
the seaward discharge region below an intruding narrow saltwater lens (conductivity  > 20 mS cm-1; temperature > 
10°C) in surface intertidal sediments. Vertical conductivity profiles revealed that there is some mixing between the 
fresh groundwater layer and the surficial saltwater lens characteristic of a subterranean estuary dominated by fresh 
groundwater discharge32. Groundwater was suboxic with dissolved oxygen around 20% saturation. The surficial 
saltwater lens is the most oxygenated layer with dissolved oxygen saturation higher than 60% indicating inputs of 
oxygen from seawater due to mixing. The vertical decline in oxygen concentration that we observed in the 
subterranean estuary below the saltwater lens confirms that this is a very active biogeochemical zone with bacterially 
mediated mineralisation of organic matter. The origin and the reactivity of this organic matter (marine or 
groundwater-derived organic carbon) can directly influence DIC production. Moreover, the biogeochemical reactions 
involved in mineralisation processes control TA production in the system. 
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Fig. 3. Conductivity, temperature and dissolved oxygen saturation in the beach groundwater. Left panels present the data measured in 2012 through 
a 50 m transect of multi-level samplers and right panels are the data measured in 2013 in the intertidal zone (represented by the box). The 0 km- 
section distance represents the distance from the low tide level. In the bottom: schematic diagram of hydrologic flow showing the potential end-
member contribution to groundwater discharge (from ref. [33]). Shaded line represents the interface between the subterranean estuary and the 
surficial saltwater lens. Groundwater velocities and flows have been calculated based on Darcy’s Law and permeability values reported in ref. [17 
and 33]. 
3.2. TA and DIC production  
Figure 4 presents the vertical distributions of TA through the intertidal zone. TA concentrations were between 0 
and 12 mEq/L with maxima close to the beach surface. A mixing diagram (Figure 5a) was constructed using the 
sample with a value of 45 mS cm-1 as a seawater end-member, and a sample with a conductivity < 5 mS cm-1 to 
represent the fresh groundwater end-member. The measured TA concentrations were independent of conductivity. 
This non-conservative behavior shows that the subterranean estuary may represent a local source of TA.  Different 
processes are involved in the production of TA. These processes include biological (e.g., anaerobic metabolic 
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pathways such as denitrification, Fe-oxide reduction and sulphate reduction) and abiotic processes (e.g., carbonate 
and silicate dissolution).  The slope of calculated DIC vs. TA may help to discern between these processes. In aquatic 
systems dominated by carbonate sediments, the TA/DIC ratio mainly responds to CaCO3 precipitation/dissolution and 
ratios are close to 2:1. While aerobic respiration and photosynthesis have little influence on TA change, most of the 
anaerobic mineralization pathways significantly increase TA34. Figure 5b shows a 1:1 ratio between TA and DIC. 
This suggests that TA production is dominated by the oxidation of organic matter during sulphate reduction. Sulphate 
reduction is known to be a major diagenetic pathway in coastal and nearshore sediments and is well known to 
increase TA concentrations35 with a TA/DIC ratio of 1, according to the following equation (1): 
 
2CH2O +SO42-  =  2HCO3- + HS- + H+                                                         (1) 
 
where CH2O refers to hydrolyzed marine organic matter with a Redfield stoichiometry (CH2O)106(NH3)16(H3PO4) . 
Here, we assume that the production of minor amounts of ammonia and phosphoric acid are negligible and with a 
minor effect on CaCO3 saturation. However, despite the persistence of the characteristic odour of H2S that emanated 
during the sample collection, the significance of sulphate reduction in these permeable sandy sediments has not yet 
been quantified. Alternately, it is possible that DIC and alkalinity production may approach a 1:1 ratio due to sulphate 
reduction coupled with FeS formation according to the following reaction: 
 
9CH2O + 4Fe(OH)3+ 4SO42- + 8H+ =  4FeS(s) + 19H2O + 9CO2                                      (2) 
 
where solid FeS is generated from sulphate and iron-oxide reduction under O2-depleted conditions (see ref. [34 and 
36]). In this case, the re-oxidation of FeS to SO42- by the tidal input of oxygen in the top of the system does not 
consume alkalinity34; hence, the net effect of these reactions is to produce DIC and TA with a 1/1 ratio.  For the 
moment, we cannot determine the extent to which these reactions occur, but, in regards to the EDS results (Figure 2b) 
and to the high concentrations of dissolved Fe in the suboxic mixing zone  (e.g. concentrations > 1600 μmol l-1, data 
not shown), we assume the availability of Fe in the system is not a limiting factor. While Fe dynamics in this system 
are still not well defined, we feel that Fe may play a pivotal role in the redox and biogeochemical conditions in this 
system. Sulphate reduction and associated secondary reactions are probably not the only processes involved in the 
production of TA and DIC, with a potential role for carbonate mineral dissolution induced by the organic matter 
degradation.    
The 13C of DIC is depleted in the groundwater (14‰ to 28‰) when compared to oceanic water (~-6 ‰, table 
1). As carbonate minerals tend to have 13C values ~ 2 ‰ 37,38, these depleted values likely indicate an organic carbon 
source and may support the idea that sulphate reduction is the main TA source. These results suggest that anaerobic 
respiration in the subterranean estuary may be the primary source of DIC and TA release from the discharging beach 
face.  
 
Fig. 4. Vertical distribution of total alkalinity and conductivity in M3, M6 and M9 measured in 2013.  
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Table1. 13C of DIC and specific conductivity measured in M8 at different depths below the beach surface. Seawater samples (SW) are also 
reported.  
Sample depth (m) 13C (‰) Conductivity  (mS cm-1) 
SW 
M8  - 10cm 
M8  - 30cm 
M8 – 60cm 
M8  - 90cm 
M8  - 130cm 
M8 – 170cm 
M8 – 210cm 
-5.96 / -6.02 
-14.35 
-23.87 
-21.47 
-23.00 
-24.06 
-18.20 
-23.15 
45.00 
35.11 
13.67 
1.65 
1.16 
1.46 
21.11 
2.05 
 
3.3. SGD-derived DIC and TA  
The fluxes of TA and DIC associated with groundwater discharge can be calculated at the discharging beach face 
based on the groundwater discharge velocity (Q, m/day in the fresh layer) using Darcy’s Law. Using the mean water 
table level monitored in Pz1 and Pz3, we calculate a mean head gradient of 0.01 through the 50 m-beach transect. We 
calculate fresh groundwater fluxes of 0.50 to 2.06 m3 m-1 d-1 (e.g., per unit length of beach face) using hydraulic 
conductivity estimates from surficial sands or sandstone (K = 19.9 and 4.8 m/day, respectively; Figure 3). These 
discharge values agree with a regional-scale estimate of discharge (~1.7 m3 m-1 d-1 17). As we don’t know the width of 
the seepage face, it is presently difficult to propose fluxes in conventional units (~ m3 m-2 day). However, we can 
roughly estimate the potential fluxes of DIC and TA from the beach face by multiplying the fresh groundwater flux 
with DIC and TA concentrations we measured in the first sample located at 10 cm below the surface of M9. In this 
calculation, we neglect any further biogeochemical effect on DIC and TA concentrations from this sampling depth to 
the discharge point. Both DIC and TA are likely to change in surface sediments as a result of organic matter 
remineralization and reoxidation reactions in oxic surface sediments. The reoxidation of sulphide to sulphate in the 
presence of oxygen would consume TA and limit its export. If Fe traps sulfide in the form of FeS, the TA produced in 
aquifer sediments may, however, be exported to the overlying water column. With these caveats, we estimated 
exported fluxes of 2.0 to 8.2 mol DIC/day and 1.9 to 7.9 mmol TA/day. These fluxes could be underestimated 
because the flow of tidally forced re-circulated seawater wasn’t included in our water flux calculation. These fluxes 
will be soon be revisited by combining direct measurements of rates of SGD into the water column by seepage 
chambers and a 222Rn mass balance model. These preliminary results suggest that northern sandy beaches, with low 
carbonate content, have the potential to be sources of dissolved inorganic carbon and alkalinity to coastal ocean. A 
better quantification of biogeochemical transformations and fluxes in the seepage face of these unexplored high 
latitude systems is needed to better constrain the coastal ocean C budget. This is particularly important in northern 
high latitudes where climate is rapidly changing, thereby influencing terrestrial carbon storage and hydrologic 
regimes. 
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Fig. 5.a) Mixing diagram of groundwater TA relative to groundwater conductivity. The dashed line is the theoretical dilution line between the two 
potential end-members (IGW and SW). b) TA vs. DIC in groundwater. The dashed line is the 1:1 ratio between TA and DIC.  
4. Conclusions 
Our study presents evidence of the complexity of carbon transport and chemical reactions from submarine 
groundwater discharge. Slow groundwater flow (1 to 9 cm d-1), low oxygen conditions (~20%) and redox oscillations 
induced by tidal pumping and re-circulated saltwater at the beach surface create an environment highly suitable for 
bacterial carbon oxidation and anaerobic respiration. High concentrations of dissolved Fe (13 - 1600 μmol l-1), 
depleted 13C-DIC  (from 14‰ to 28‰) and the characteristic odour of H2S during sample collection support the 
possibility that sulphate reduction may generate high alkalinity and DIC concentrations in the groundwater. TA and 
DIC fluxes, derived from discharge estimates and groundwater DIC and TA concentrations at 10 cm depth in the 
seepage face, were estimated at 2.0 to 8.2 mol DIC/day and 1.9 to 7.9 mmol TA/day). These preliminary results 
support the idea that northern sandy beaches could be sources of carbon and alkalinity to coastal ocean.. However, 
these estimates are based only on a snapshot study and are site-specific. Furthermore, these estimates may vary 
greatly depending on biogeochemical transformations at the seepage face, between 10 cm and the sediment-water 
interface. Therefore, there is a need for comparison with direct flux measurements at the seepage face. Moreover, 
multiple hydrogeological conditions besides the hydraulic head gradient could alter DIC and TA release. Seasonal 
hydroclimatic conditions control groundwater discharges at large spatial and temporal scales, particularly in northern 
regions where ice pack covers the beach surface several months per year. Assessing seasonal changes in beach 
hydrogeology and on the production of DIC and TA is critical to determine the impact that northern sandy beach 
systems have on the coastal carbon cycle.  
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